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Abstract 
A methodology for prediction of the porosity of building ceramics caused by burning-out additives are proposed in the present article. The 
methodology is suitable when particles of burning-out additives is much larger than voids between particles of clay and filler. The 
proposed equations were verified by comparing theoretical calculations of the porosity with empirical data of ceramic articles of various 
compositions and with various amount of the burning-out additives. Crushed rubber was used as the burning-out additive. The Student 
test t was used for verifying statistic significance of difference between theoretical calculations and empirical data. The comparison 
showed a quite good agreement between the theoretical calculations and the empirical data. The proposed methodology can be useful to 
compose compositions of building ceramic articles, using burning-out additives, with desirable physical and mechanical properties –
 porosity, density, thermal conductivity, frost resistance, strength, modulus of elasticity and etc. 
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Nomenclature 
BOA burning-out additives 
L0 and L1 measurements of the basis of a ceramic article before burning and after it 
d diameter of a particle 
LOI loss on ignition 
Madd,i mass of i
th phase of burning-out additive 
Madd,0 mass of burning-out additive 
Mclay, and Mfill masses of clay and filler 
Mm mass of ceramic matrix 
Mm,f,i mass of i
th constituent part of formation mix except for BOA  
nadd total number of phases of burning-out additive 
nfm total number of constituent parts of formation mix except for BOA 
P predicted total porosity of ceramics 
Pexp experimental porosity  
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Pl linear approximation of total porosity of ceramics  
Pm porosity of matrix  
Vm volume of matrix of ceramics 
Vm,p volume of constituent parts of formation mix except for BOA 
Vp total volume of pores of ceramics 
Vp,add volume of pores caused by burning-out additives 
Vp,add,p volume of particles of burning-out additives 
Vp,m volume of pores of ceramic matrix  
Vtot total volume of ceramics 
Greek symbols 
αsh and βsh linear and volumetric coefficients of shrinkage 
ΔP relative difference of the predicted porosity P with respect to experimental porosity Pexp 
γ, γ1, γ2 slopes of linear approximations of the porosity P 
ψadd coefficient taking into account character of formation of the pores caused by BOA 
ψm coefficient taking into account change of volume of pores, caused by LOI, during burning 
νa and νb  values of relative volumes (Vp,add ⁄ Vm) the BOA 
ρm density of ceramic matrix 
ρm,f,i density of i
th constituent part of formation mix except the BOA 
ρs,add,i density of i
th constituent part of the BOA 
1. Introduction  
Porosity is a very important factor affecting many physical properties of ceramics: density, thermal conductivity, frost 
resistance, strength, modulus of elasticity and etc [1], [2]. Therefore, to get a ceramic article with desirable properties the 
porosity must be considered as a prevail factor providing required physical properties. Due to strong interrelation between 
porosity and the properties of ceramics, cf. [3], [4], [5], [6], [7], there are various possibilities to predict required porosity of 
ceramics. If a relation between composition of a formation mix of ceramics and its porosity is known, then on the basis of 
required porosity we can forecast necessary amounts of constituent parts: clay, fillers, additives and water. In our case the 
burning-out additives are the most important additives providing necessary porosity and other related properties. Therefore 
it is very important to have correct relations between amounts of burning-out additives in the formation mix of ceramics and 
the porosity. 
One group of methods of prediction of the porosity, based on statistical technique, is regression analysis. Various 
regression functions, linear and non-linear are used for forecasting of porosity or for prediction of the composition of a 
formation mix cf. [8]. However, creation of the regression functions is not based on physical and chemical processes 
occurring during mixing of a formation mass, drying and burning of specimens. Regression functions are created on the 
basis of empirical data dependent on various accidental factors whose control is difficult or even impossible. Therefore, on 
the one hand, a regression function is as good as good and reliable empirical data exist. On the other hand, other 
disadvantage of regression functions is such that the regression functions are reliable only within certain interval of 
variation of empirical data on the basis of which the empirical function is created. An extrapolation outside the interval can 
give inaccurate values; in addition, inaccuracy increases with increasing of distance from the interval of empirical data on 
the basis of which the regression function was created. Due to above given reasons, other methodologies of forecasting of 
porosity of ceramics would be more desirable. For example, an application of the packing problem of particles may suggest 
a function for prediction of porosity: P = (rsmall ⁄ rlarge)
d, [9], where rsmall and rlarge are the smallest and the largest radii of 
grains, the factor d can gain various values, for example d ∈ {0.2, 0.695, …}. Discrete element method can also be applied 
for prediction of the porosity cf. [10]; as well as empirical methods, cf. [11].  
In the present article a methodology for prediction of the porosity of building ceramics with burning-out additives is 
given. An experiment was conducted in order to verify and to validate the theoretical calculations as well. 
2. Governing equations for the prognosis of the porosity 
Burned ceramics can be considered as a matter consisting of two phases: the solid phase and the pores. Let the total 
volume of the pores consist of two parts: volume of the pores caused by burning-out additives (BOA) and volume of the 
pores caused by other reasons; for instance, due to entrained air, impurities, and pores arising among partial sintering grains 
of clay. Then, the total volume of the pores 
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, ,p p m p addV V V= +  (1) 
where Vp, Vp,m and Vp,add are the total volume of the pores of ceramic article, volume of the pores of the matrix, and volume 
of the pores caused by BOA, respectively. The total volume Vtot of the ceramics consists of the matrix’s volume Vm and 
volume of pores Vp,add caused by BOA 
 
,tot m p addV V V= + . (2) 
As is well known, the total porosity P of the ceramics 
 p totP V V=  (3) 
where Vp and Vtot are given in Eqs. (1) and (2). Combining Eqs. (1) and (2) and (3) we get 
 , ,
,
p m p add
m p add
V V
P
V V
+
=
+
. (4) 
If we take in Eq. (4) that Vp,m = PmVm and divide obtained equation by Vm we get 
 ,
,
1
m p add m
p add m
P V V
P
V V
+
=
+
. (5) 
The dependences of P, calculated by Eq. (5), on the ratio (Vp,add ⁄ Vm) is depicted in Fig. 1. If we assume that volume of 
BOA equals Vp,add, that is, whole volume of BOA produces pores in a ceramic article, then the curves depicted in Fig. 1 can 
be considered as dependent on the ration of volume of BOA to Vm. 
 As we can see from Fig. 1 (a), the total porosity P asymptotically tends to 1 with increasing the ratio (Vp,add ⁄ Vm). The 
dependence of P is nearly linear with small values of the ratio (Vp,add ⁄ Vm) (Fig. 1 (b)), that is as 0 ≤ (Vp,add ⁄ Vm) ≤ 0.30. This 
range is typical for building ceramics. Therefore there is a reason to approximate the total porosity P by a linear relation, see 
section 2.1. 
 
 
Fig. 1. The dependences of the total porosity P (by Eq. (5)) of a ceramic article at different Pm on the ratio Vp,add/ Vm 
Let us express the volume of the matrix Vm and volume of the matrix’s pores Vp,m in terms of their mass and densities 
 m m mV M ρ=  (6) 
 ,p m m m m m m
V P V P M ρ= =
 (7) 
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where Mm, ρm and Pm are mass, density and porosity of the matrix, respectively. Let us express Vp,add through the masses and 
densities of the particles of the BOA. The volume Vp,add of the pores of a burned ceramic article caused by BOA whose 
volume of the particles is Vp,add,p can be expressed as follows: 
  
, , ,p add add p add pV Vψ=  (8) 
where ψadd is a coefficient taking into account an influences of the various factors on the formation of the pores of a ceramic 
article during the burning. Due to shrinkage of the ceramic article during the burning the volume of the pores produced by 
BOA should be smaller than volume Vp,add,p of the particles of the BOA. Therefore it is reasonable to set limits 0 < ψadd ≤ 1.  
The volume Vp,add,p of the particles of the BOA can be expressed as follows: 
 ,
, ,
1 , ,
addn
add i
p add p
i s add i
M
V
ρ
=
=∑  (9) 
where Madd,i and ρs,add,i are mass and density of particles of i
th phase of the BOA, nadd is the total number of constituent parts 
of the BOA.  
Combining Eqs. (7), (8), (9) and (4) we obtain the expression for the total porosity P 
 
( )
( )
, , ,
1
, , ,
1
add
add
n
add i s add im m m add
i
n
add i s add im m add
i
MP M
P
MM
ρρ ψ
ρρ ψ
=
=
+
=
+
∑
∑
. (10) 
If clay and fillers for the formation mix are without loss on ignition (LOI), then the matrix mass Mm may be expressed as 
follows: 
 
, ,
1
fmn
m m f i
i
M M
=
=∑  (11) 
where Mm,f,i is the mass of i
th constituent part of the formation mix, except for BOA, and nfm is the total number of the 
constituent parts of the formation mix, except for BOA. Really, each natural clay has some amount of LOI. For example, 
Lithuanian clay has up to 12% of LOI by mass. It is evident that the matrix mass Mm is less than the total mass ΣiMm,f,i of the 
constituent parts of the formation mix, except for BOA. Therefore, the total porosity, by Eq. (10), is less than real if we 
assume that Mm = ΣiMm,f,i. 
Let us express volume of the matrix Vm through the masses and densities of the constituent parts of the formation mix, 
except for BOA, as it was done with Vp,add. Let the matrix volume Vm be related to the total volume of the constituent parts 
of the formation mix, except for the volume of the BOA, as follows:  
 
,m m m p
V Vψ=  (12) 
where ψm is a coefficient which takes into account change of a volume of the pores of ceramic matrix during a burning. Due 
to presenting in natural clays LOI and shrinkage of the ceramic article during the burning the volume of the burned matrix 
Vm of the ceramics is less than the volume of constituent parts of the formation mix, except BOA, Vm,p. Therefore, we can 
assume 0 < ψm ≤ 1. 
The volume Vm,p in Eq. (12) is total volume of constituent parts of the formation mix except for BOA 
 , ,
,
1 , ,
fmn
m f i
m p
i m f i
M
V
ρ
=
=∑  (13) 
where ρm,f,i is the density of i
th constituent part of the formation mix. Now Eq. (4) can be rewritten as follows: 
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Combining Eqs. (7), (13) and (14) we obtain: 
 
( ) ( )
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 (15) 
In Eqs. (10) and (15), all quantities are usually known in advance except from matrix porosity Pm. The values of matrix 
porosity Pm for different kind of ceramics can be found in literature, obtained experimentally or calculated using analytical 
methods (Khan 2004 [12], Krasnulin et al. 1980 [13]). For example, according to Krasnulin et al. 1980 [13] minimum 
porosity of two-fraction granular matter changes from 12.5% to 25%. Maximum porosity is 35%. 
The relationship for calculation of the amounts of the components of the formation mix can be obtained from Eqs. 
(4) − (14). For example, the required volume of the BOA can be obtained from Eq. (14): 
  
( )
,
, , ,
1
m m m p
p add add p add p
P P V
V V
P
ψ
ψ
−
= =
−
 (16) 
where P > Pm. Combining eqs. (8) and (9) we can calculate required amount of the BOA. 
Let us estimate the coefficient ψm by taking into account the shrinkage of the ceramic matrix. Let a coefficient of the 
volumetric shrinkage of a ceramic matrix βsh be expressed in terms of volumetric strain of the burned ceramic article; that is, 
as a ratio of the lost volume of the ceramic matrix due to shrinkage to the whole volume of the unburned ceramic article. It 
is convenient to express the coefficient of the volumetric shrinkage βsh in terms of a linear coefficient of the shrinkage αsh, 
since it is easier to determine experimentally the linear coefficient of the shrinkage αsh than the volumetric βsh. In this case, 
the coefficient of the volumetric shrinkage βsh is as follows: 
 ( )
0 1 0
3 3
sh sh
L L Lβ α≈ = −  (17) 
where L0 and L1 are lengths of the basis of a ceramic article before burning and after it. Taking into account Eq. (17) the 
whole volume of a ceramic article, except for BOA, can be expressed as follows: 
 ( )
, , , ,
1
m m p sh m p m p sh m m p
V V V V Vβ β ψ= − = − =  (18) 
where 
 ( )1
m sh
ψ β= − . (19) 
Obtained Eq. (15) can be used not only when the porosity and density of ceramics without BOA is known but also if the 
porosity and density of the ceramics with some amount of BOA is known. Let the mass of the BOA be Madd,0. Then it is 
reasonable to say that the ceramics with burning-out additives whose mass is Madd,0 is matrix porosity and density. Then 
additional mass of BOA is Madd − Madd,0, where Madd is total mass of the BOA. Then total porosity can be calculated 
according to Eq. (15) by replacing of Madd with (Madd − Madd,0). 
2.1. A linear approximations of the total porosity P 
As is showed above, when a range of the ratio (Vp,add ⁄ Vm) is not wide, then the dependence between the total porosity P 
and the ratio (Vp,add ⁄ Vm) is nearly linear (Fig. 1 (b)). Therefore, it is reasonable to approximate P as a linear function Pl 
dependent on the ratio (Vp,add ⁄ Vm): 
 ( ), 1 2, { , }p add ml m V VP P γ γ γ γ= + ∈  (20) 
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where γ is a slope dependent on a technique of the approximation. 
Let us, at the beginning, consider the simplest case of approximation of the porosity P (Eq. (5)) by taking that the slope 
γ = γ1 and γ1 = ΔP ⁄ Δ(Vp,add ⁄ Vm), where ΔP and Δ(Vp,add ⁄ Vm) are increments of the total porosity and the ratio (Vp,add ⁄ Vm), 
respectively. Then the slope γ1 can be expressed as follows 
 , , , , , , , ,
1
p add b p add a p add b p add a
m m m m
V V V V
P P
V V V V
γ
⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞
−= −⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠
 (21) 
where P(•) is function of the porosity given in Eq. (5). Let νa = (a ⁄ Vm) and νb = (b ⁄ Vm), a and b are limit, minimum and 
maximum, values of Vp,add, i.e. Vp,add ∈ [a, b]. Then, by putting Eq. (5) into (21) and simplifying it we get the slope γ1 
 
( )
( ) ( )1
1
1 1
m
b a
P
γ
ν ν
−
=
+ +
. (22) 
If we take that νa = (a ⁄ Vm) = 0, i.e. a = 0, then we get such expression of the linear approximation of P of Eq. (5): 
 
1
, ,
1
1
m
p add b m
P
V V
γ
−
=
+
 (23) 
where Vp,add,b is the biggest value of Vp,add from the interval within which the linear approximation of Eq. (20) is considered. 
Now, let us approximate P of Eq. (5) by minimizing two norms δ and δ2 
 ( ) ( ) ( )( )
2
,2 ,2
0
,
b
l l
P P P P d
ν
δ νν ν−= ∫   (24) 
and 
 ( ) ( ),2 ,22 , ,l lP P P Pδ δ=   (25) 
where Pl,2 = Pm + γ2(Vp,add ⁄ Vm) is a linear function given in Eq. (20) taking that the slope γ = γ2. Here γ2 will be found by 
solving Eqs. (24) and (25). Let us differentiate Eqs. (24) and (25) with respect to ρb and equate them to 0 
 
( ),2
2
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0
l
P Pδ
δ
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∂
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( )
( )
,2
2
2 ,2
, 1
0
,2
l
l
P P
P P
δ
δ δ
γ δ
∂
′ ′= = =
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  (27) 
It is evident that Eq. (27) is true when δ’ = 0 and (or) 1 ⁄ √(δ(P, Pl,2)) = 0. Therefore, to approximate the porosity P, by 
minimizing both norms δ and δ2 (Eqs. (24) and (25)), it is enough to consider only one norm δ, given in Eq. (24). 
Hawing integrated Eq. (24), by taking into account Eq. (5), and having differentiated of the obtained equation with 
respect to γ2 and equated them to 0 we get Eq. (26) whose solution with respect to the slope γ2 give us 
 
( )( )2
2 3
(1 ) 2 2ln 13
2
m b b b
b
P ν ν ν
γ
ν
− − + +
=   (28) 
where νb = (Vp,add ⁄ Vm). 
The dependence of P, by Eq. (4), and linear dependences Pl,1 = Pm + γ1(Vp,add ⁄ Vm) and Pl,2 = Pm + γ2(Vp,add ⁄ Vm), where γ1 
and γ2 are given in Eqs. (23) and (28) by taking that νb = (Vp,add,b ⁄ Vm) = 2.0 and νb = (Vp,add,b ⁄ Vm) = 0.30, are depicted in 
 Fig. 2.  
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Fig. 2 The dependences of the total porosity by different relationships: P by Eq. (5), Pl,1 and Pl,2  
are the linear approximations by Eq. (20), Pl,1 when γ = γ1 (Eq. (23)) and Pl,2 when γ = γ2 (Eq. (28)) 
As we can see from Fig. 2, the linear approximations Pl,1 and Pl,2 quite well correspond to P within narrow interval of 
change of (Vp,add ⁄ Vm), however in the widely interval the linear approximations give less exact values.  
3. The experiment 
An experiment was conducted in order to verify obtained Eqs. (10) and (15). Two types of clay A and B were selected 
for the experiment and both clays were mixed together in equal proportions. Chemical and granulometric compositions of 
the clays A and B are given in Table 1 and Table 2. 
Table 1. Chemical composition of clays 
 Chemical composition of raw material, % 
SiO2 Al2O3 + TiO2 Fe2O3 CaO MgO K2O Na2O LOI 
Clay A 47.60 17.79 7.66 6.27 3.59 4.49 0.55 12.05 
Clay B 66.33 15.80 6.42 1.80 2.72 1.63 − 5.30 
 
Table 2. Granulometric composition of the clays 
 Amount of particles, in %, depending on diameter d, mm 
Sand particles d > 0.05 Dust particles 0.05 ≤ d ≤0.005 Clay particles d < 0.005 
Clay A varies from 0.09 up to 0.77 varies from 9.26 up to 21.39 varies from 72.11 up to 96.04 
Clay B 23.93 34.03 42.04 
 
The clays A and B can be characterized as a fusible hydro-micous and fusible devonian, respectively. Acording to the 
chemical composition the clays A and B belong to a group with big amount, 7.66% and 6.42%, of colorific oxides Fe2O3. 
The clay A can be assigned to carbonaceous. A relative small amount of silica minerals, in comparison with clay B, 
provides good plasticity of a formation mix. It should be noticed, that large amount of CaO and MgO in clay A is 
inconvenient since these minerals constrict an interval of the sintering temperature. The clay B is semiacid, because the 
quantity of Al2O3 is 15.8% in the heated clay. The clay B is of low dispersion, is impured by coarse carbonaceous inserts, 
more than 3%, has lot of sand fraction, the amount of free quartz ranges from 30% up to 60%. The X-ray analysis showed 
that the main minerals of clays A and B are hidromica, kaolin, quartz, feldspar, dolomite, calcite. The clay A contains 
chlorite as well. 
Rubber was chosen as a burning-out additive. Sand was used as filler. Six different formation mixtures (Table 3, columns 
1-5) consisting of clay, fillers, rubber, and water were mixed and prepared by hands. In table 3, amounts of the constituent 
parts are given in terms of mass ratio. Amount of water, necessary for formation of a plastic mass, varied between 22% and 
25%. The laboratory samples were shaped into the dimensions (70×70×70) mm. The number of samples of each mixture 
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was 6. Firstly, the prepared samples were dried in a laboratory under natural conditions, later they have been dried in an 
electric furnace under temperature from 100 °C to 110 °C for three days. The burning temperature of the samples was 
950 °C and 1000 °C (Table 3, column 5). The samples were burned during 40 hours, the highest temperature lasted 1 h. The 
average speed of increase of the temperature of the specimen up to 420 °C was (30–40)°C per hour. Such a slow speed was 
chosen so that rubber additive could burn out slowly enough and no cracks would appear in a body of the sample. 
Subsequent speed of the increase of the temperature of the specimens, up to the highest temperature, was (80–90)°C per 
hour. A cooling of the samples was performed during two stages. During the first dangerous cooling stage, when 
temperature dropped from its highest value to approximately 500 °C, when transformations of quartz phases proceeded [14], 
the speed of the cooling was slow, only (50–70)°C per hour. Such a slow speed was necessary in order to avoid additional 
temperature stresses which might cause cracks, which can be very thin, sometimes even invisible. During the second, final 
cooling stage, temperature decreased from 500 °C up to the normal (room), and the speed of the cooling was approximately 
(100–120)°C per hour. Density and porosity of the burned ceramic samples were determined according to EN 772-4:1998 
[15]. The results of the experiment are given in Table 3, columns 1-9. In Table 3, amounts of constituent parts, clay, filler 
and BOA, are given in terms of mass ratios. Theoretically predicted values of porosity Pcalc, by Eq. (30), are given in 
column 10 of Table 3. The relative difference, given in Table 3, column 11, is ΔP = 100 (Pcalc − Pexp) ⁄ Pexp. 
Table 3. The compositions of the mixtures, and experimental and theoretical values of the ceramics 
Compo-
sition 
Clay Filler Rubber 
Burning 
temperature 
(°C) 
Experimental values Calculated 
porosity Pcalc 
(%) by 
Eq. (30) 
Relative 
difference 
ΔP, (%) 
Mean density
ρexp (kg/m
3) 
Standard 
deviation of 
density (kg/m3)
Mean 
porosity 
Pexp (%) 
Standard 
deviation of 
porosity s (%) 
1 2 3 4 5 6 7 8 9 10 11 
G11 
1 
0.125 0.125 
950 1577 41.24 37.19 1.63 38.066 2.382 
G12 1000 1622 31.87 34.93 1.99 36.812 5.295 
G21 
0.286 0.143 
950 1571 46.67 36.85 1.85 38.037 3.229 
G22 1000 1549 78.62 36.11 1.02 36.362 0.717 
G31 
0.267 0.067 
950 1729 44.61 33.07 1.34 33.034 -0.111 
G32 1000 1748 54.59 32.89 1.17 31.485 -4.574 
G41 
0.25 0 
950 1894 33.01 26.52 1.07 – − 
G42 1000 1903 27.18 24.81 1.57 – − 
G51 
0.428 0 
950 1896 32.53 29.44 1.32 – − 
G52 1000 1967 41.08 27.03 0.74 – – 
G61 
0 0.111 
950 1571 47.67 36.43 1.45 38.019 4.327 
G62 1000 1638 17.74 35.05 1.16 36.901 5.196 
4. A comparison of the experimental data with theoretical calculations  
Let us compare experimental data of porosity of ceramic articles of compositions G11−G62 (Table 3) with calculated 
theoretically. It is evident that due to many reasons experimental data always are different from theoretical calculations. 
However, differences can be statistically insignificant if theoretical calculations are within certain interval of experimental 
values. The interval is called the confidence interval dependent on significance level. If the differences are statistically 
insignificant, then we can claim that experimental data do not contradict theoretical calculations. 
Let us choose the sample mean value Pexp of porosity as a value for comparison with theoretical calculations Pcalc. Also, 
we assume that all experimental data have normal distribution. In this case, the confidence intervals of mean of porosity can 
be calculated according to well known formula: 
 
( ) ( )1 2 1 2d d
exp exp
t t
P s P s
m m
α α
μ
− −
− ≤ ≤ +  (29) 
where m = 6 is sample size (number of specimens), s is sample standard deviation of porosity (Table 3, column 9), μ is mean 
of porosity, ( )1 2
d
t α−  is a quantile of the Student distribution with probability (1 2α− ) and degree of freedom d. A two 
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tailed confidence interval is used whit significance level α = 0.05. If theoretical value of porosity Pcalc (given in Table 3, 
column 10), is within the interval given by Eq. (29), then the difference between theoretical calculation and experimental 
data is not significance. Outliers of experimental data were tested by the Grubbs test for one and two outliers according to 
standard EN ISO/IEC 17025–2 [16]. However, the methodology given in the standard [16] is not suitable for testing two 
outliers, the biggest and the smallest, existing at the same time. In this case we used a methodology given in [17]. It should 
be noticed that critical values of the Grubbs test given in Table 5 of the standard [16] do not correspond to values 0.05 and 
0.01 of the significance level, but correspond to values 0.025 and 0.005 of the significance level cf. [17]. Therefore we used 
critical values, which correspond to significance level 0.05, given in original work [18]. 
For calculation of the porosities of the compositions by Eq. (10) we take Mm = Mclay + Mfill, where Mclay and Mfill are 
masses of clay and filler (sand); these quantities are given in Table 3, columns 2 and 3. Also, taking into account Eqs. (12) 
and (19) we get 
  
( ) ( )
( ) ( )
, , ,
, , ,
1
1
sh m m clay m fill m add s add
sh m clay m fill m add s add
P M M M
P
M M M
β ρ ρ
β ρ ρ
− + +
=
− + +
 (30) 
In Eq. (30) we assume ψadd = 1. Eq. (30) is more useful than Eq. (15) since the density ρm and porosity Pm of the ceramic 
matrix is known. 
As we can see from Table 3 compositions G4i and G5i, i ∈ {1, 2}, are without BOA. The composition G4i is close to the 
remaining compositions than G5i. Therefore we take the matrix porosity and density of the specimens G41 and G42 for 
calculation of porosity of the other specimens: G11, G12, G21, G22, G31, G32, G61, G62. Calculation of theoretical 
porosities Pcalc,G,j1 of compositions Gi1, where i ∈ {1, 2, 3, 6}, by Eq. (30), was carried out by taking 
ρm = ρexp,41 = 1894 kg/m
3, and Pm = Pexp,G41 = 26.52%, respectively. Calculation of porosities Pcalc,G,j2 of compositions Gi2 
was carried out by taking ρm = ρexp,G42 =1903 kg/m
3 and Pm= Pexp,G42 = 24.81% respectively. The coefficients of the 
volumetric shrinkage were taken as follows: βsh = 18.27% for Gi1 and βsh = 17.49% for Gi2. These values correspond to the 
volumetric shrinkage of specimens G41 and G42 respectively. Actual density of rubber changes within limits 
(1100−1190) kg/m3 [19]. Therefore, in our calculation we took that ρs,add =1150 kg/m
3. Relative amounts of constituent parts 
are given in Table 3 (columns 2, 3 and 4). The calculated porosities Pcalc, by Eq. (30), are given in Table 3 (column 10) and 
depicted in Fig. 3. In this picture, the confidence intervals are calculated by Eq. (29) and depicted by symbols . In Fig. 3, 
the values of the calculated porosity Pexp also are depicted when the coefficient of the volumetric shrinkage βsh = 0. 
As we can see from Table 3 and Fig. 3, the theoretical values of Pexp quite well correspond to the experimental data. 
However, some of them are outside of the confidence intervals. Fig. 3 also shows that the values of Pexp calculated assuming 
that βsh ≠ 0 may be outside of the confidence interval while Pexp calculated assuming that βsh = 0 is within the confidence 
interval. Therefore, we can not claim undoubtedly that the taking into account the shrinkage of the ceramic matrix does our 
methodology more reliable. 
39
30
31
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34
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36
37
38
Specimens  
Fig. 3 Experimental and theoretical porosities of the specimens:  denotes mean values of the experimental porosity Pexp,  denotes  
the confidence intervals of Pexp with 95% probability, ,  and  denote calculated values of the porosity Pcalc  
when βsh = 0, βsh = 18.27% and βsh = 17.49%, respectively; the values are calculated by Eq. (30) 
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As we can see from Table 3, majority of absolute values of the relative differences ΔP do not exceed 5%, except for G12 
and G62. Therefore, given equations can be useful for prediction of the porosity of building ceramics with burning out 
additives. 
The performed comparison of calculated and experimental data is restricted by only one type of clay and one kind of 
burning-out additive, i.e. rubber. Therefore, to expand the application of the proposed methodology to other kinds of 
burning-out additives and clays further comparisons of calculated and experimental data are necessary. 
5. Conclusions  
Conducted analysis of prediction of the porosity showed that the dependence of the porosity on amount of burning-out 
additives is non-linear. However, a linear approximation of porosity P can also be applied when the volume of the 
burning-out additives changes in narrow interval. The performed comparison of theoretical and experimental results showed 
that proposed methodology can be considered as a simple but effective approach for prediction of the porosity of the burned 
ceramic articles depending on amount of burning-out additives. 
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